The primary sensory neurons that respond to noxious stimulation and project to the spinal cord are known to fall into two distinct groups: one sensitive to nerve growth factor and the other sensitive to glial cell-line-derived neurotrophic factor. There is currently considerable interest in the ways in which these factors may regulate nociceptor properties. Recently, however, it has emerged that another trophic factor-brain-derived neurotrophic factor (BDNF)-may play an important neuromodulatory role in the dorsal horn of the spinal cord. BDNF meets many of the criteria necessary to establish it as a neurotransmitter͞neuromodu-lator in small-diameter nociceptive neurons. It is synthesized by these neurons and packaged in dense core vesicles in nociceptor terminals in the superficial dorsal horn. It is markedly up-regulated in inf lammatory conditions in a nerve growth factor-dependent fashion. Postsynaptic cells in this region express receptors for BDNF. Spinal neurons show increased excitability to nociceptive inputs after treatment with exogenous BDNF. There are both electrophysiological and behavioral data showing that antagonism of BDNF at least partially prevents some aspects of central sensitization. Together, these findings suggest that BDNF may be released from primary sensory nociceptors with activity, particularly in some persistent pain states, and may then increase the excitability of rostrally projecting second-order systems. BDNF released from nociceptive terminals may thus contribute to the sensory abnormalities associated with some pathophysiological states, notably inf lammatory conditions.
Studies on null-mutant mice have provided ample evidence for the neurotrophic hypothesis-that discrete groups of neurons receive from their targets specific trophic support that is essential for the survival of those neurons. For small-diameter primary sensory neurons of neural-crest origin that project to the spinal cord, a member of the neurotrophin family, nerve growth factor (NGF) seems to fulfil this role in development. However, as animals mature, these small-diameter neurons, which are virtually all nociceptive in nature, show several changes in their trophic requirements: first, the cells loose their dependence on NGF for survival, a process that emerges in the first 2 weeks of postnatal life in the rat; second, the same cells change their expression of trophic factor receptors. At birth, virtually all these small cells express the high-affinity NGF receptor trkA. Again, over the first 2 postnatal weeks, about one-half of the cells down-regulate trkA and simultaneously up-regulate receptor components for another factor, glial cell-line-derived neurotrophic factor (GDNF). Thus, in the mature state, the large group of small-diameter dorsal root ganglion (DRG) neurons forms two distinct groups, one sensitive to NGF and the other sensitive to GDNF (1) . It is therefore not surprising that much effort has been directed at elucidating the biological effects and roles of these two factors on nociceptive systems (2) .
A third member of the neurotrophin family, brain-derived neurotrophic factor (BDNF), seems to be a target-derived trophic factor for many placode-derived sensory neurons (e.g., those in the nodose ganglion). Given the modest sensory neuron loss in BDNF null mutant mice, BDNF does not seem to act in this fashion for the neural-crest-derived sensory neurons. However, BDNF does interact with this population of sensory neurons in maturity. BDNF is important in mature animals for regulating the mechanosensitivity of slowly adapting mechanoreceptors, myelinated fibers required for fine tactile discrimination (3). In addition, there is now evidence accruing that BDNF has a distinct role in nociceptive processing in the adult nervous system, a role distinct from that played by NGF or GDNF. The evidence to date suggests that BDNF may function as a central neuromodulator: not only is BDNF synthesized by some nociceptors, but it also may be released in the spinal cord in an activity-dependent fashion, thereby regulating the excitability of rostrally projecting secondorder systems. This article will consider the evidence relating to the hypothesis that BDNF may function as a central modulator of pain.
BDNF Is Constitutively Expressed Within a Subpopulation of Primary Sensory Neurons. BDNF shares one of the defining characteristics of the neurotrophin family of molecules in that it is retrogradely transported by responsive sensory neurons to the DRG (4) . In addition, BDNF shows an unusual property for this family of molecules in that it is constitutively expressed by adult sensory neurons (5) (6) (7) (8) . Fig. 1 illustrates that, in the lumbar DRG of the rat, the distribution of BDNF protein is not uniform but is localized to a restricted number of primary sensory neurons. Recently, the type of neurons that synthesize BDNF has been elucidated (8) . Although, under normal circumstances, BDNF mRNA and protein seem to be present in several different subtypes, the overwhelming contribution is from those sensory neurons that express the neuropeptide CGRP and the highaffinity NGF receptor trkA. Perhaps surprisingly, cells that express trkB (the high-affinity receptor for BDNF) do not, for the most part, express either BDNF mRNA or protein (8) . This pattern of localization has important functional implications, because those sensory neurons that express CGRP and trkA are considered to be predominantly nociceptive in function. This nociceptive function is supported further by observations on the spinal localization of BDNF. BDNF is anterogradely transported to both to the periphery and to the spinal cord where it accumulates in the central terminals in the superficial laminae (I and II) and colocalizes with CGRP-containing arborizations (refs. 8 PNAS is available online at www.pnas.org.
Abbreviations: NGF, nerve grown factor; GDNF, glial cell-linederived neurotrophic factor; DRG, dorsal root ganglion; BDNF, brain-derived neurotrophic factor; VRP, ventral root potential; NMDA, N-methyl-D-aspartic acid; CGRP, calcitonin-gene-related peptide. *To whom reprint requests should be addressed. e-mail: s.mcmahon@ umds.ac.uk. and 9; see Fig. 1 ). Notably, BDNF immunoreactivity is not abundant in intrinsic spinal-cord neurons nor does it coexist within the primary afferent terminals or cell bodies marked by binding of the lectin IB4. This population of sensory neurons does not constitutively express neuropeptides but expresses GDNF receptor components and is responsive to this factor (10) . BDNF immunoreactivity is present only sparingly within deeper laminae. Thus, most of the BDNF protein in spinal cord seems to be localized in the terminals of primary sensory nociceptors, specifically those that express trkA and are known to be sensitive to NGF (11) . In these sensory neurons, BDNF is located in dense core vesicles (12) , suggesting that it is likely to be released with activity in nociceptors. The superficial laminae of the spinal cord are of course, important sites for integration of nociceptive information. Full-length trkB receptors are present in the cells in this region of the spinal cord (13) . The possible interaction of BDNF with nociceptive pathways is highlighted further by the fact that the levels of BDNF are regulated by another neurotrophin, NGF (Fig. 1 ). Several recent studies have shown that BDNF levels within sensory neurons may be increased by exogenous administration of NGF (6, 8) : NGF increases the number of DRG cells showing BDNF immunoreactivity and mRNA. Although there is some debate as to which cells express BDNF after NGF treatment, it is apparent that considerable numbers of these neurons express trkA (and are thus directly responsive to NGF). In one study (8) for instance, 80-90% of those sensory neurons expressing BDNF immunoreactivity after intrathecal NGF belonged to the trkA group.
The peripheral synthesis of NGF is known to be increased in a variety of inflammatory conditions, particularly after injury or experimentally induced inflammation. Under such pathophysiological states BDNF may be up-regulated in nociceptors. Cho et al. (7) showed that intraplantar Freund's adjuvant injection was associated with a significant increase in BDNF mRNA with a time course consistent with the known increase of NGF in this model. Moreover, the increase in BDNF mRNA was prevented by coinjection of NGF antibody, suggesting that BDNF expression depends on peripheral NGF production. Because there is good evidence that some of the sensory abnormalities associated with inflammation depend on NGF production, this finding in consistent with the notion that BDNF itself contributes to altered sensory processing.
The expression of BDNF is altered in an interesting manner in another pathophysiological state, that associated with peripheral nerve injury. After sciatic axotomy, BDNF is up-regulated in large-diameter DRG cells, and anterograde transport to the dorsal horn of the spinal cord increases (14) . Thus, with peripheral nerve injury, BDNF expression decreases in nociceptors but increases in large-diameter sensory neurons (these largediameter neurons are generally considered to subserve transmission of innocuous sensations from the periphery). The signal for the expression in large cells is not yet known, although reduced retrograde transport of neurotrophin-3 by large-diameter sensory neurons is one obvious possibility. The BDNF in damaged large neurons is also transported to the central terminals of these fibers. It is tempting to speculate that this BDNF also may have similar postsynaptic effects to those described below. Of course, if so, such effects are likely to be found in deeper dorsal horn laminae, the known normal termination sites of large afferents.
BDNF Has Postsynaptic Actions Within the Spinal Dorsal Horn. Modulation of spinal reflex excitability. Although there is evidence for the activity-dependent secretion of neurotrophins from hippocampal slices (15) , there is, as yet, no such evidence that BDNF is released within the spinal cord after afferent fiber activation. The localization of BDNF and its injury-associated regulation detailed above, however, are strongly consistent with a possible neuromodulatory role. Recently, we tested this hypothesis further by examining the effect of exogenous BDNF delivery on spinal reflex excitability.
Because neurotrophins do not penetrate the spinal cord readily after systemic delivery, we used an in vitro spinal-cord preparation to study BDNF's actions. The in vitro hemisected spinal cord is used routinely in our and other laboratories to monitor alterations in synaptic excitability. Reflex responses to C fiber inputs may be recorded from the ventral root, close to the motoneuron cell bodies, with close-fitting glass suction electrodes, and these reflex responses appear as prolonged ventral root potentials (VRPs). These extracellularly recorded potentials are a good measure of spinal excitability (16) and, under control conditions, will remain stable for several hours (Fig. 2a) . These preparations were superfused the with BDNF at 2-1,000 ng͞ml for 30 min. The C fiber-evoked responses were recorded before BDNF exposure and for several hours after cessation of BDNF superfusion. A significant and sustained increase in the C fiber-evoked reflex response was observed repeatedly (Fig. 2b; refs. 17 and 18 ). This enhancement of C fiber-evoked excitability was sustained, outlasting the duration of BDNF administration, and was dosedependent. The threshold dose to elicit an increased spinal excitability was in the range 100-200 ng͞ml BDNF, which suggests a specific and receptor-mediated event. Coadministration of the BDNF-sequestering molecule trkB-IgG to spinal-cord preparations eliminates the facilitatory effect of BDNF and further indicates that the effect of BDNF is likely to be mediated by interaction at the trkB receptor. Superfusion of spinal-cord preparations with NGF (200 ng͞ml) does not produce similar effects on C fiber-evoked reflex excitability. The mechanism of action of BDNF within the spinal cord is, at present, unknown. There is evidence from primary cultures of hippocampal neurons that BDNF enhances spontaneous release of glutamate and acetylcholine, suggesting that BDNF functions there as a retrograde modulator of presynaptic transmitter release (19) . It is unlikely that such a mechanism will operate within the spinal cord, because those sensory neurons that express BDNF do not in general display the trkB receptor and are therefore likely to be insensitive to the synaptically released neurotrophin. There is also good evidence, again from the hippocampus, that postsynaptic injection of protein kinase inhibitors will block the effect of BDNF on synaptic enhancement, suggesting that phosphorylation of postsynaptic receptors is a critical step in the BDNF effect. Recently, it has been shown that BDNF rapidly and specifically enhances phosphorylation of the postsynaptic N-methyl-Daspartic acid (NMDA) receptor (20) . Again in the hippocampus, BDNF will potentiate NMDA responses via a 3-fold increase in NMDA receptor open time (20) . In cultured rat neurons in the central nervous system, BDNF will also induce changes in NR2A and NR2B NMDA receptor subunit expression (21) . NR2 NMDA receptor subunits define the pharmacological and biophysical properties of this receptor (22) . In the spinal cord, NMDA receptor activation plays a central role in the induction and maintenance of central sensitization. In this well studied phenomenon, the recruitment of the NMDA receptor seems to 
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Colloquium Paper: Thompson et al. Proc. Natl. Acad. Sci. USA 96 (1999) be the pivotal event in increasing the sensitivity of nociceptive spinal circuits to sensory inputs (23) . Central sensitization is believed to underlie some aspects of altered sensibility found in chronic pain states. Thus, again, the available data are consistent with the idea that BDNF may be a key mediator of central sensitization within the spinal cord via an interaction at the NMDA receptor site. Several other molecules have been implicated in this process of central sensitization, most notably the tachykinin substance P (23). It is possible that BDNF is simply one of a series of modulators capable of triggering postsynaptic change-perhaps via a common mechanism of NMDA receptor phosphorylation. It is interesting that substance P is itself regulated in a very similar fashion to that described above for BDNF. That is, it is up-regulated in trkA-expressing cells by exogenous NGF or by inflammatory stimuli in an NGF-dependent fashion. Moreover, its expression falls in these cells after peripheral axotomy, but the same stimulus apparently can induce expression in some large neurons (24) . The clear effects of trkB-IgG coupled with the rather modest phenotype of substance P and NK1 null-mutant animals (25) may indicate that BDNF is a more important mediator of these central changes, and antagonism of this molecule may provide a novel therapeutic target.
Modulation of gene expression. In addition to the effect of BDNF on short-term modulation of the NMDA receptor, there is a strong possibility that trk receptor activation and phosphorylation may underlie more prolonged changes in synaptic excitability. Kang and Schuman (26) showed that some effects of BDNF on synaptic plasticity in the hippocampus may occur in the presence of the NMDA receptor antagonist AP-5, suggesting that alternative mechanisms may exist. There is now evidence that BDNF will interact with signal transduction pathways that underlie longer-lasting forms of synaptic plasticity (27) . We have examined the ability of BDNF to induce alterations in immediate early genes expressed in dorsal horn neurons in the spinal cord (18) . Intrathecal administration of BDNF to adult rats induces a large increase in c-fos immunoreactivity in the superficial dorsal horn (Fig. 3) , whereas NGF does not. In the spinal cord, it is likely therefore that BDNF interacts with signal transduction pathways to induce long-term changes in synaptic excitability that depend on gene transcription and protein synthesis. It is well recognized that activity in primary sensory neurons, and specifically in nociceptive sensory neurons, is capable of inducing c-fos in spinal neurons. However, it is not yet clear whether the c-fos induced by BDNF represents some nociceptive action or it relates to some other function.
Endogenous BDNF Contributes to Nociceptive Responses. A key question for the hypothesis put forward here is whether endogenous BDNF contributes to behavioral responses after peripheral injury. To address this important question, we attempted to neutralize synaptically released BDNF with the sequestering antibody trkB-IgG. This molecule is a recombinantly produced fusion protein based on the extracellular domain of the trkB receptor. It is soluble and has the ability to bind with high affinity and thereby sequester endogenous BDNF (as well as the other trkB ligand, neurotrophin-4͞5). It effectively serves as an antagonist of BDNF.
We have examined the effects of trkB-IgG on nociceptive afferent-evoked reflex responses in the spinal cord. We have again used the in vitro hemisected spinal-cord preparation and maximized levels of BDNF within the spinal cord by pretreating animals with NGF. Under such circumstances, the afferentevoked response is reduced significantly after superfusion with trkB-IgG (Fig. 2c) , strongly suggesting that BDNF is released from afferent fibers under these conditions.
To date, most of the work that has examined the effects of BDNF on synaptic transmission has been undertaken on isolated preparations in vitro. There is evidence, however-again from work on the hippocampus-that BDNF will induce long-lasting enhancement of synaptic transmission in vivo (28) . We have recently tested this idea more stringently by assessing the effect of trkB-IgG on nociceptive behavioral responses in adult rats. Behavioral nociceptive responses evoked after subcutaneous injection of dilute formalin into one hind paw were significantly reduced by prior intrathecal administration of trkB-IgG (Fig. 4) . Both phases of the formalin response were affected, although the second phase, known to depend in part on the induction of central sensitization, was reduced to a greater degree.
Thus, these findings show that under some conditions, specifically those that model persistent pain states (e.g., inflammation), BDNF is released with activity from nociceptive afferent terminals and contributes to the postsynaptic responses in spinal-cord neurons.
CONCLUSIONS
As we review here, BDNF meets many of the criteria necessary to establish it as a neurotransmitter͞neuromodulator in smalldiameter nociceptive neurons. Thus, it is synthesized by these neurons and packaged in dense core vesicles. The BDNFexpressing nociceptive afferents terminate mostly in the superficial dorsal horn, and the postsynaptic cells in this region express full-length trkB receptors. However, the synaptic apposition of BDNF containing afferent profiles on neurons with trkB has not yet been established. Spinal neurons are responsive to exogenous BDNF, as evidenced both histochemically (by the induction of c-fos) and electrophysiologically (by an increased excitability to nociceptive inputs). BDNF is thus sufficient to elicit changes in postsynaptic excitability. Although the release of BDNF from nociceptive fibers with activity has not been shown, there are both electrophysiological and behavioral data indicating that antagonism of BDNF at least partially prevents some aspects of central sensitization. Thus, BDNF is also necessary for the full expression of this phenomenon.
Currently, the mechanism of action of BDNF is not well understood. In Fig. 5 , we illustrate several events that may contribute to the central modulatory role of BDNF. BDNF is constitutively expressed in some nociceptors. In normal animals, some BDNF is likely to released with noxious stimulation; however, such release may have limited postsynaptic effects, because much of the trkB receptor protein may not be present at the postsynaptic cell surface. Glutamate, also released with activity in nociceptors, may also have only restricted postsynaptic actions because of the limited responsiveness of NMDA receptors in these normal states. With peripheral inflammation, however, BDNF may play a much greater role. The expression is markedly up-regulated in trkA-expressing nociceptors in an NGFdependent fashion. More BDNF is likely to be released with activity. The increased activity of postsynaptic neurons in these states may also lead to translocation of trkB receptors to the cell surface. The increased activation of trkB receptors in turn may lead to phosphorylation and increased responsiveness of NMDA receptors, perhaps independently of induction of immediate early genes. Together, these actions potentiate the efficacy of synaptic inputs from nociceptors and thus may contribute to the abnormal pain sensitivity found in these inflammatory conditions.
